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Summary
This paper provides the climatic and biophysical context of three watersheds in northern GhanaAnyari and Zanlerigu in the Upper East region and Bihinaayili in the Northern region. The objective of the study is to describe the agro-climatic and hydrological features of the watersheds from a landscape perspective, which can be used as baseline information for intended water management interventions towards agricultural intensification. The work builds on primary and secondary data to characterize the watersheds, including historic climate analysis, watershed delineation, soil and land cover mapping, soil and water quality analysis, and characterization of agricultural production systems. The climate analyses show that average annual rainfall is close to 1,000 mm y -1 and no significant trend was observed. An increasing trend for potential evaporation is significant only in the Bihinaayili watershed. Temporally, a water surplus occurs about 3 months in a year, with only one month providing a significant surplus. Farmers in all three watersheds typically grow cereal crops during the rainy season for household consumption, whereas vegetable production during the dry season is typically sold at the local markets. Irrigation in the three sites is carried out between November and June. Shallow wells and small reservoirs provide water for irrigation during the dry season in the Anyari and Zanlerigu catchments. However, these sources of water dry up at the end of the dry season. Farmers in the Bihinaayili watershed have year-round access to water from the Libga Reservoir. The quality of water from wells, reservoirs and rivers in the three watersheds is good for irrigation and domestic purposes. The soil chemical parameters across the study sites show that salinity is not a concern and the soils are suitable for irrigation and crop system intensification, although it requires substantial fertilizer inputs. The textural classification suggests that soils in all the sites would be ideal for surface irrigation and other pressurized irrigation systems, because they are dominated by clay loam and sandy clay loam soils. We conclude that there appear to be opportunities from both a soil quality and water availability perspective to enhance sustainable intensification through small-and medium-scale irrigation in the selected watersheds.
IntroductIon
Agriculture is the mainstay of the livelihoods of the people in northern Ghana. Studies conducted over the years suggest there is high potential for agricultural intensification on existing land, as well as by expanding the irrigated and cropped area through irrigation and other agricultural interventions in Ghana. Multiple reports suggest that the irrigation potential in Ghana is close to 3 million hectares (Mha), but only 1.5% of the arable land is currently under formal and informal irrigation because of the initial high cost of irrigation equipment (FAO 2016; Krautstrunk 2012; Namara 2012; Obuobie et al. 2013; Namara et al. 2014) . Water is a key limiting factor for agricultural production and productivity in the three northern regions of Ghana (Northern, Upper West and Upper East regions), which are characterized by a unimodal rainy season with intra-season droughts and a poorly developed irrigation sector (MoFA 2011; de Fraiture and Giordano 2014; Giordano and de Fraiture 2014; Namara et al. 2011; Namara et al. 2014) . Water storage solutions and small-scale irrigation technologies offer greater security to agricultural production and productivity, and expand the options for sustaining livelihoods of smallholder farmers. Over the years, the Government of Ghana and nongovernmental organizations (NGOs) have provided some irrigation facilities to help boost agricultural production (Inkoom and Nanguo 2011) .
Ghana receives an average annual precipitation of 283 x 10 9 m 3 y -1 and total actual renewable water resources are 54.9 x 10 9 m 3 y -1 (FAO 2016) . In Ghana, per capita renewable water resources availability is about 2,500 m 3 y -1 and total dam capacity is estimated at 150 million cubic meters (Mm 3 ) (Namara et al. 2010) . With 60% of the economically active population employed in the agriculture sector, with the majority practicing rainfed agriculture, the prevalence of poverty is very high in the region (Diao 2010) . The phenomenon of food insecurity in northern Ghana could be mitigated by improving and upscaling agricultural water management technologies to make water available and accessible to smallholder farmers (FAO 2016) . Water storage, which can assist in production during the dry season, increases resilience and allows farmers to invest in their land and diversify agricultural activities (Payen et al. 2012) . Water can be stored in small and large reservoirs such as on-farm ponds, shallow groundwater or wetlands (McCartney et al. 2013) . Shallow groundwater is an efficient way of storing excess rainfall and runoff (Namara et al. 2011) . In many areas in northern Ghana, shallow groundwater is the farmers' preferred water source (Molden 2007; Namara et al. 2011) . Small reservoirs and dugouts are in high demand in northern Ghana because they support multiple livelihood strategies, such as livestock, irrigation, fisheries and domestic use (van de Giesen et al. 2002; Blench 2007; Birner 2008; Namara et al. 2010) . Permanent shallow wells are also widespread in several communities in northern Ghana (Lamptey et al. 2009; Payen et al. 2012) . To understand the dynamics of watershed hydrology, climate, soil characteristics and agricultural production practices in northern Ghana, with a view to enhancing irrigation and water resources development and management, field studies and a literature search were conducted in three watersheds in northern Ghana (Anyari and Zanlerigu in the Upper East region and Bihinaayili in the Northern region). The aim of the studies was to:
(1) delineate the watershed, and to develop land cover, soil and river system maps to assist with decision making on potential water management interventions;
(2) document existing agricultural water management practices in the three watersheds in order to identify opportunities for sustainable agricultural intensification through water management interventions; (3) conduct dryspell analyses to identify constraints to rainfed crop production; and (4) evaluate soil and water quality data for suitability for agricultural use.
Methodology

Secondary data collection
Background information was obtained from various sources, including journal papers, books, theses, research reports and working papers; offices and Agricultural Extension Agents (AEAs) of the District Agricultural Development Units (DADUs) of Savelugu, Nabdam and Kassena-Nankana districts; Ghana Meteorological Agency; Hydrological Services Department, Ghana; past and ongoing projects; and online resources. Secondary data such as rainfall and potential evaporation, collected from the GLOWA Volta project, were analyzed through a desktop study (GLOWA Volta database). Additional spatial data were compiled using data from the Volta River Basin (Mul et al. 2015) and synthesized for the study catchments at hand.
characterization of the Watersheds
Three hydrological watersheds were delineated -Anyari, Zanlerigu and Bihinaayili watersheds. Detailed information is collected from project sites located in six communities in these watersheds (Arnold et al. 1998; Rabus et al. 2003) . The delineated watersheds served as the spatial boundaries for which hydrological and agricultural data were collected for the project sites. Land use and soils were mapped according to the delineated watershed boundary, using data from FAO-IIASA-ISRIC-ISS-CAS-JRC (2012) and Mul et al. (2015) with a 1 km resolution.
Further characterization of the watersheds was done by analyzing the basic climate and hydrological data collected for the three watersheds. None of the watersheds had a weather station and therefore data from the nearest weather stations were used for the analyses. Data from the Tamale, Zuarungu and Navrongo weather stations were used for the Bihinaayili, Zanlerigu and Anyari watersheds, respectively (GLOWA Volta database).
Due to missing records in the dataset, the period for which records were obtained for the three weather stations differed (Table 1) . Prior to the analysis, the daily climate data collected from the three weather stations were cleaned and the quality controlled (QC) using the QC tool in the RClimdex software (Zhang and Yang 2004) . Monthly and annual statistics and times series were computed from the daily data using the Microsoft Excel software package. In the absence of a full dataset on climatic parameters, the Penman-Monteith equation for potential evapotranspiration (PET) could not be calculated (Penman 1963; Monteith 1965) . PET was therefore estimated using the Hargreaves method given by Hargreaves and Samni (1985) , which only requires temperature as input:
Where: ET o is the potential evapotranspiration (mmd -1 ), R a is the extraterrestrial radiation (MJm   -2   d -1 ), T max , T min and T mean are the maximum, minimum and mean temperatures for a given day, respectively ( o C). Non-parametric trend and homogeneity tests were carried out on the time series. Trend analysis was done using the Mann-Kendall Test (Mann 1945; Kendall 1975) , while the Pettitt test (Pettitt 1979 ) was used to detect inhomogeneity in the time series. For the Mann-Kendall test, the null hypothesis, H 0 , is the absence of a trend, while the H 1 hypothesis is the presence of a trend. The test statistic, S, is calculated as:
The sign of S, positive or negative, determines whether there is an increasing or decreasing trend, respectively. When S is zero it implies that no preferential order exists in the observations. The p-value obtained during the analyses can be compared to the level of significance (α), and in this case, the p-value must be less than α for there to exist a significant trend or to reject the null hypothesis.
dryspell Analysis
Agricultural productivity does not solely rely on the total seasonal rainfall amount during the cropping season, but also on the distribution. The possibility of dryspells occurring within a season is sometimes an even more important factor affecting production and productivity. For dryspell analysis, a dry day is defined as a day with less than 0.85 mm d -1 of rainfall, while a dryspell is defined as a period with consecutive dry days once the cropping season begins. Probabilities of dryspell lengths of 7, 14 and 21 days were chosen as they represent important decision-making information for smallholder farmers. Dryspell lengths exceeding 7 days require sufficient soil moisture storage, (Barron et al. 2003; Mul et al. 2017) . The probabilities of dryspells of different lengths were calculated from the start date of the rainy season for a 120-day growing season. Long-term dryspell analysis was carried out using INSTAT+ version 3.37, a general statistical package developed by the Statistical Service Centre at the University of Reading, UK (Stern and Knock 1998) . The start of the cropping season (sowing date) is assumed to coincide with the onset of rainfall in northern Ghana, and is defined as the first day after the 1st of April each year when total rainfall for three consecutive days is greater than 20 mm with no dryspell lasting 7 days or more in the following 10 days. Rainfall data dating back to 1960 from weather stations located in Navrongo, Zuarungu and Tamale were used for the analyses.
Field data collection and Validation of Secondary data
Secondary data sources did not provide the full set of data required. Therefore, field visits were made to the three watersheds during the period August 24-29, 2015, to collect additional information on agricultural and farming systems through focus group discussions, and to validate the information gathered from the various secondary sources. During the field visits, interviews were held with available farmers and other water users in the watersheds, as well as with the agricultural extension agents responsible for the three project areas.
Additional data on water quality and soils were collected in the study sites within the watershed to assess their suitability for agricultural use.
Water samples were collected from shallow wells, rivers and reservoirs across the six communities (Dimbasinia, Tekuru, Nyangua and Zanlerigu in the Upper East Region, and Bihinaayili and Duko in the Northern Region). Sampling was designed to cover both the wet and dry seasons. Samples were collected in April 2015 just before the wet season, while additional samples were collected in October 2015 after the rainfall . For each sampling event, a number of water samples were taken from each water source type (shallow and deep wells, rivers and reservoirs) (Table 2; Figure 1 ). Not all the selected sites could be sampled during the two sampling campaigns. Temporal wells collapsed or were abandoned during the rainy season and could not be sampled in October. Two of the reservoirs dried up during the dry season and no sample could be collected in April.
The sampling and analytical procedures followed the Global Environment Monitoring System (GEMS)/Water Operational Guide (WHO 1992) . Samples were collected and filtered into 1.5 liter (L) acid pre-cleaned, high-density, polyethylene bottles to remove suspended solids. The samples were sealed and stored in ice chests with ice to maintain a low temperature (<4 °C) and transported to the Environmental Chemistry Laboratory of the Council for Scientific and Industrial Research -Water Research Institute (CSIR-WRI) in Accra, Ghana, for analysis.
Electrical conductivity (EC) and potential of Hydrogen (pH) measurements were carried out using EC and pH meters, which were calibrated prior to making a note of the readings. A flame photometric method was used to determine sodium ions (Na + ) and potassium ions (K + ), while Ethylenediaminetetraacetic acid (EDTA) titration was used to determine calcium ions (Ca 2+ ) and magnesium ions (Mg 2+ ). Fluoride was determined using the SPADNS method recommended by the United States Environmental Protection Agency (US EPA), while ferric ions (Fe 3+ ) and aluminum ions (Al 3+ ) were measured by the flame atomic absorption spectroscopy (AAS). The water quality was compared to the water quality standards for irrigation water use to assess the suitability of using water for irrigation purposes (Ayers and Westcot 1994) .
Soil samples were collected to determine the key characteristics (soil texture, chemical properties). The analysis was conducted to determine soil texture and salinity, as well as soil nutrient retention and exchange capacities. Soil sampling was carried out in April 2016. Soil samples were collected from experimental fields in Nyangua and Tekuru, and also from intervention, control (mixed sample) and homestead gardens in Zanlerigu, Dimbasinia and Bihinaayili. The soil samples were analyzed for the following parameters: pH, EC, soil texture, organic carbon, total nitrogen, available phosphorus, potassium and cation exchange capacity (CEC). Soil samples were collected at depths of 0-15 cm, 15-30 cm, 30-45 cm and 45-60 cm. Table 3 provides details of the sampling locations. Notes: * Number of samples taken per sampling event.
** Each sample was collected from a different well. *** Samples taken from the river located downstream of the reservoir.
Four hundred and twenty six (426) soil samples were collected in all. The auger bit was attached to a drill rod extension, and then the T-handle was attached to the drill rod. Debris (e.g., rocks, litter, twigs) was cleared from the area to be sampled. Surface debris was removed before the sample was collected. After reaching a depth of 15 cm, the auger was slowly and carefully removed from the boring. The sample in the auger was collected and added to the sample already on the sheet spread near the hole. The auger was put in the same boring and drilled to 30, 45 and 60 cm depths. Each sample was then placed in sampling bags and sealed, and labelled with the details and transported to the laboratory for analysis.
reSultS And dIScuSSIon
Key characteristics of the Watersheds
The watersheds lie completely within the White Volta River Basin, and as such are fed by tributaries to the main river. The watersheds and rivers are delineated ( Figure 1 ). For each watershed, the upstream area for the communities was delineated, as well as the watershed before it drains into the main White Volta River. The topography of the area is relatively flat with a slope less than 5°. The project sites are all located in headwater catchments, with sizes ranging from 7 to 50 km 2 . The delineated watersheds are all of similar size, ranging from 99 to 542 km 2 (Table 4 ; Figure 1 ). The larger watersheds were used as the areal extent to which hydrological and agricultural information and data were collected.
The northern parts of Ghana are scattered with small reservoirs (Liebe et al. 2005; Lemoalle and de Condappa 2009) . Similarly, each watershed has one or more small reservoirs in their catchment area (Table 5 ). The Libga Reservoir in the Bihinaayili watershed is the largest with a storage volume of 5.8 Mm 3 . The dominant land cover in the three watersheds is widely open, cultivated, savanna woodlands (Table 6 ; Figure 2 ; Mul et al. 2015) . A large proportion of the savanna is being used for crop production under both rainfed and irrigation regimes. Additionally, the land-use type is either an open, cultivated savanna or widely open, cultivated savanna. Open savannas are savanna lands that are not used for cultivation. It may be part of land areas reserved for cultural purposes or just unattended to due to their location. The predominant land-use types are cultivated savannah woodlands, which occupy 94, 100 and 100% of the area in the Anyari, Zanlerigu and Bihinaayili watersheds, respectively (Table 6 ). Cultivation in this area is highly scattered and only very high resolution land-use mapping will be able to determine the true cropping extent.
According to FAO-IIASA-ISRIC-ISS-CAS-JRC (2012), the dominant soil class in the Anyari watershed is Lixisols (79%), whereas soils in the Zanlerigu watershed mainly consist of Luvisols (86%) and Leptosols (14%). Bihinaayili watershed is dominated by Acrisols (69%) and Planosols (28%) ( Table 7 ; Figure 3 ). The low resolution of the dataset (1 km) necessitated the soil sampling in the specific sites. 
Prevailing Agricultural Management Practices
The average agricultural land size in the selected communities is 3.31 ha per household (Tinonin et al. 2016) . The majority of cereal crops grown in the rainy season are kept for household consumption, and vegetable crops grown in the dry season are sold at local markets. Leafy vegetables are usually grown, harvested and sold to raise capital to purchase inputs (e.g., fertilizers and pesticides) for the cultivation of chilli pepper and tomatoes, which require many inputs. In all the communities, the three most cultivated crops during the wet season are maize, groundnut and rice, with 91%, 59% and 47% of households, respectively, producing them (Tinonin et al. 2016) . In all the sites, land preparation is mainly done by hand using hoes and cutlasses, whereas few farmers use bullock plowing as there are few trained bullocks in the north of Ghana. Farmers in the Bihinaayili watershed grow upland rice, soya bean, groundnut, cowpea, bambara beans, sorghum, and early and late millet during the rainy season, and guinea corn, maize and leafy vegetables, such as amaranthus and corchorus, during the dry season. Surface water from the river downstream of the Libga Reservoir, which flows year round, is used for irrigation during the dry season. Farmers in the Zanlerigu watershed grow millet, sorghum, groundnut, maize, bambara beans, paddy rice, sweet potato and vegetables in the wet season, and tomatoes, green pepper, chilli pepper, onion and local leafy vegetables in the dry season. Shallow groundwater and water from a small reservoir are used for irrigation during the dry season, but these sources of water dry up at the end of this season. The main crops grown in the Anyari watershed are groundnut, maize, upland rice, sorghum, millet, cowpea, tomato, chilli pepper and local leafy vegetables. Shallow wells and a small reservoir are used for irrigation during the dry season, but these sources of water dry up at the end of this season. Farmers in Bihinaayili use a gravity system to water their fields, whereas farmers in Zanlerigu and Anyari use water cans and buckets because pumps are too expensive. Table 8 provides a summary of agricultural production practices. Typical yields are between 0.5 and 2 tons ha -1 for different crop types. Irrigated rice in the Libga irrigation scheme is an exception, which produces 2.6 tons ha -1 , which is well below the potential of 5-6 tons ha -1 observed in irrigation schemes.
climatology and Water Balance Analysis
General Climatic Conditions
Generally, the three watersheds have similar climatology. Average annual rainfall is in the range of 1,099±193.2, 1,005±174.8 and 991±194.7 mm y -1 in Bihinaayili (Tamale weather station), Zanlerigu (Zuarungu weather station) and Anyari (Navrongo weather station) watersheds, respectively (Table 9 ). Overall, there was a slight increasing trend in annual rainfall amounts in Navrongo and Zuarungu weather stations, and a decreasing trend in the Tamale weather station. The Mann-Kendall test showed that none of the trends are significant at 95% confidence level (Figure 4 ). For all three weather stations, the 1980s were the driest years with a recovery of rainfall events in subsequent decades, particularly the periods 1996-2001 and 2007-2012 . The 1980s are well noted to be the driest period of the twentieth century in West Africa (Jung and Kunstmann 2007; Oguntunde et al. 2006) . The mean annual PET values were estimated to be 1,977±34.1, 2,001±33.8 and 1,866±32.8 mm y -1 in Navrongo, Zuarungu and Tamale weather stations, respectively. PET showed an increasing trend over time in all three weather stations ( Figure 5 ). The Mann-Kendall test indicated that the increasing trend was significant (p < 0.05) only in the Tamale weather station. i. Soya bean followed by maize or sorghum groundnut followed by sorghum or soya beans. one
Groundnut followed by maize ii. Groundnut followed by maize or sorghum farmer is known to rotate crops within the same Cowpea followed by maize iii. Cotton followed by maize season (within a year): early millet followed by maize.
Sorghum followed by sweet potatoes iv. Cowpea followed by maize or sorghum
Millet followed by sweet potatoes
No crop rotation is practiced in dry-season farming.
The sweet potatoes are cropped in the rotation to Dry-season farmers are specialized in specific crops control the Striga weed that depletes soil nutrients.
(tomatoes, chilli pepper, etc.) and have expertise In the irrigation scheme, crop rotation is practiced solely for those crops. Therefore, they do not want to within a year as follows: leafy vegetables followed 'experiment' with other crops.
by chilli pepper or tomatoes or garden eggs. Irrigated rice -Libga scheme: 2.6 tons ha Virtually no pumping as this is not economical to farmers. rainfall data from Tamale).
(about 6.34% of annual rainfall -based on rainfall data from Zuarungu).
iii Location and There are four ponds at Libga which are used for from the Libga scheme is also pumped wells.
downstream for irrigation along the drainage channel. Figure 6 shows the distribution of rainfall and PET during the year in the three weather stations. The rainfall exhibits a uni-modal pattern, with peaks in August. The average monthly PET peaks in March, which is the hottest month. The monthly trends show that PET is greater than rainfall for most part of the year (9 months in Navrongo and Zuarungu, and 8 months in Tamale). All three weather stations experience a high annual water deficit, limiting water availability, especially during the dry season. Rainfall  0  5  12  52  103  143  182  274  164  47  2  5   PET  163  174  202  190  177  150  142  138  141  163  172 
Dryspell Analyses
The occurrence and duration of dryspells in rainfed cropping systems can significantly reduce crop yield or even cause complete crop failure, especially if it occurs during the crucial stages of development such as flowering and grain filling. Although there is spatial variability in the duration of dryspells for the three weather stations, the probability of a long dryspell lasting over a 21-day period is very low or insignificant (Navrongo -2.1%, Zuarungu -6.1% and Tamale -0.0%) ( Table 10 ). The probability of dryspells exceeding 14 days is more likely, although it was below 16% in all three weather stations. The probability of dryspells exceeding 7 days in a growing season is more than 80% in all three weather stations. Tamale has the highest probability (90%) of experiencing a dryspell exceeding 7 days. A similar study concluded that there is an 88-96% probability of dryspells of up to 7-8 days occurring in the rainy season in Nyankpala near Tamale (Gbedzi and Laryea 1999) . The challenge of dryspells in the watersheds is exacerbated by poor soil water-holding capacity and high potential evapotranspiration (Fischer et al. 2013 ).
Water Quality characterization
The concentrations of the measured parameters show, as expected, that generally the concentrations of the main cations (K + , Na + , Ca + , Mg 2+ ) are higher in deeper wells (> 10 m) compared to the more shallow wells and reservoirs. Water in the reservoirs and shallow wells are often directly recharged by rainfall or runoff and therefore show relatively low concentrations of the same major cations, in comparison to deeper wells that are in contact with the underground for longer periods of time. One exception is the Zanlerigu Reservoir, which shows relatively high concentrations of the major cations compared to the Nyangua and Dimbasinia reservoirs. Similarly, the temporal wells in Zanlerigu are located downstream of the reservoir and the water quality in these wells is similar to that in the reservoir. It is, therefore, suspected that the two water sources are connected. As expected, concentrations at the end of the rainy season in October are lower than concentrations at the end of the dry season in April.
pH and Electrical Conductivity of Water Samples
Measurements of pH were used to estimate the acidity or alkalinity hazard of the irrigation water for crop production. Measured pH values for all the water bodies from all the sampling sites were fairly neutral with only a few deviations into the acidic pH. The pH levels for all the samples ranged from 5.9 to 8.3 (Figure 7 ), which (except for a few samples) falls within the range of 6.0-8.0 recommended by the Food and Agriculture Organization of the United Nations (FAO) (Ayers and Westcot 1994) .
EC provides a measure of salinity potential of the irrigation water. Although none of the samples exceed the salinity levels at which crops are affected (>700 µS cm -1 ; Abrol et al. 1988) , there is a visible difference in EC in the different types of water sources. Except for Duko, wells, in general, show high EC values (Figure 8) . However, these observations may be skewed, as temporal wells were only sampled in April as they were not functioning in October, and Duko wells were only sampled in October, which could have contributed to this observation. Zanlerigu Reservoir shows high EC values compared to Nyangua and Dimbasinia reservoirs.
Hydro-chemical Concentrations
Similar to the trend observed for the chemical parameters, the measured water quality parameters in the samples of the water bodies collected showed a general trend where most wells recorded higher levels than the surrounding water bodies (Table 11) . Except for the Zanlerigu temporal wells, potassium (K + ) concentrations exceeded the FAO recommended level of 0-2 mg L -1 (Ayers and Westcot 1994). High levels of K + could be attributed to the slash and burn practices employed by the farmers (Brown et al. 1973) or natural dissolution of the bedrock. Other hydro-chemical parameters such as sodium (Na + ), calcium (Ca 2+ ) and magnesium (Mg 2+ ) are all within the water quality guidelines for irrigation use (Ayers and Westcot 1994) . Higher concentrations are observed in the deeper wells than in the dams and shallower wells.
Fluoride ( ). Individual samples from other locations also exceed the acceptable limit. This could pose a threat to agriculture as it could limit availability of other nutrients such as phosphorus, and thus cannot be ideal for irrigating non-iron-tolerant crops. Average concentrations of aluminum (Al 3+ ) were within the acceptable range of 5 mg L -1 . Only individual samples at Nyangua Reservoir exceeded the acceptable limit. Table 12 presents the physical and chemical characteristics of the five sampling locations within the watershed in northern Ghana. In general, the soils from all the locations were deeply weathered up to the depth of 60 cm and more. This supports the growth of deep-rooted plants such as millet, groundnuts and sorghum. The soil in Zanlerigu was classified as clay loam with a sand content below 30%, silt 40% and clay content of 33% (Table 12 ). The silt content of the other four sites were, on average, below 30% with not much changes in the clay and sand content at an increasing depth of up to 60 cm (Table 12 ). In the soil in Dimbasinia, the sand content (49.6±10.3%) was higher in the deep layers (60 cm) compared to the top (45.1±9.9%) and subsoil (44.1±10.1%) layers, whereas there was a decreasing sand content with increasing depth in the soil in the other four sites. The phenomenon observed in the soil in Dimbasinia is possibly due to eluviation of fine silt material from the top layers into the deep layers of the soil. The texture of the soil is crucial for determining the type and growth rate of crops, moisture content, rate of evapotranspiration and hence the rate and the time of irrigation. From the soil texture classes shown in Table 12 , the soils in Zanlerigu (clay) are therefore more prone to flooding and surface runoff compared to soils from the other sites, because the clay content does not allow fast and easy infiltration of water during rainfall or irrigation. On the other hand, the rate of evapotranspiration will be low in the soil in Zanlerigu compared to the other soils because of the clay content. This implies that, when implementing an irrigation project, the soils in Zanlerigu will need a slower flow rate to allow time for infiltration of the water, and once that is achieved, it will also take relatively more days before the next watering (USDA 1997). However, the other soils, especially the soils of Tekuru, with a sand content of over 64% (Table 12) , will require more frequent watering because the sandy soil has more interlayer spaces for aeration. Based on the texture of the soil, the rate of infiltration can be illustrated as 'Zanlerigu (ZN) < Dimbasinia (DM) < Bihinaayili (BH) < Nyangua (NY) < Tekuru (TR)'.
Soil texture and Quality
pH and Electrical Conductivity of Soil Samples
The pH of the soil was determined in water (pH w 1:1). In general, the pH of all the four sites did not change significantly with increasing soil depths. The soil samples from Zanlerigu and Dimbasinia had a pH value between 6 and 8, while the pH value of the soils samples from Bihinaayili, Nyangua and Tekuru were between 5.4 and 5.8 (Table 12) . From the cropping dynamics of the study area, the common crops grown were sorghum, early and late millet, groundnut, etc. (Table 8 ). These crops perform well under pH values between 6.0 and 7.0 (Barham et al. 1997) . This might probably be the reason why farmers in these areas have adopted to the cultivation of such crops over years. The areas with a pH value below 6.0 show that the soils are moderately acid. From the data, it has been identified that the moderate acid soils also have relatively high amounts of available phosphorus compared to the soils with a pH value above 6 (Table 12) . This is because, under a moderate pH value, the negatively charged anion of phosphate is attracted to the colloidal site of the soil, thus making it more available compared to the case of pH 6 soil. Minimizing the use of ammonium fertilizers, incorporating organic manures and plant residues and, where necessary, applying lime are needed to increase the pH value before native crops such as millet and sorghum can be grown well (Barham et al. 1997) .
The EC of the soil is an estimator of the amount of total dissolved solids (TDS) or the total amount of dissolved ions in the soil. The EC also determines the rate at which water infiltrates through the soil during irrigation. The EC of soils from all the five sites were low (0.1-0.4 dS m -1 ). According to FAO (2006) , soils are non-saline with little or no effect on the soil organisms. They also suggest a standard of less than 1.5 dS m -1 for agricultural soils, and thus the EC from these soils are good for irrigation with less salt accumulation on the subsoil. 
Soil Fertility
The organic carbon (OC) content of the soils in all five sites were generally low (Table 11) . This suggests that the soils are of low fertility and tentatively with low structural stability, affecting the available water-holding capacity of the plant as typical of highly-weathered tropical soils. Low organic matter also affects crusting at soil surface and siltation, which can cause problems in different irrigation applications such as drip irrigation. There might also have been overexploitation of the surface horizons leading to depletion in organic carbon. The FAO guidelines for the interpretation of soils suggest an organic carbon content of 4-10% for better crop performance (FAO 2006) . The rates of soil carbon accumulation are inversely related to the sand content of the soil (Lugo et al. 1986) . Similarly, soils in Bihinaayili and Nyangua, with high sand content, were also found to have a very low OC. The soil from Zanlerigu, with relatively high OC, also has the lowest sand content (Table 12 ). This implies that the soils cannot on its own support growth without any external inputs such as crop residues, organic manure or inorganic fertilizers. The soils, however, are not different from most tropical soils (Alley and Vanlauwe 2009 ). Tropical soils have been reported to generally have low organic carbon content below 4-10%, thus resulting in low yields per unit of cropland (Jones 1973; Bot and Benites 2005) . The low organic carbon content is mainly due the high temperatures which increases the rate of microbial activities, facilitating decomposition and mineralization of any organic material input (Bashan and De-Bashan 2010) . Management practices such as organic matter addition from residues and inorganic fertilizers can help increase the organic carbon content of the soil (Alley and Vanlauwe 2009 ). The total nitrogen of the soils from all the five sites are generally below the recommended total nitrogen content for optimum plant growth. Total nitrogen content of less than 1.5 is considered too low for the requirement of all crops (McKenzie 1998) as in the case of the soils from the five sites (Table 12 ). To meet the crop nitrogen requirements for the growth of common cereals such as early and late millet, maize and sorghum in the watersheds, an external supply of nitrogen is recommended either with inorganic fertilizers or other organic management practices that improve nitrogen availability, such as the addition of compost.
The available phosphorus content is relatively higher (> 5 mg kg -1 ) in soils from Bihinaayili, Nyangua and Tekuru, in comparison to soils from of Zanlerigu and Dimbasinia, with available phosphorus levels below 5 mg kg -1 . The available phosphorus is the amount of phosphorus available in the soil solutions and for plant uptake. Phosphorus is an essential plant nutrient required for protein synthesis and plant growth. It is required by microbes as an energy source (adenosine triphosphate [ATP] ) for the activities of mineralization, and release of soil OC and TN in the soil.
Cation Exchange Capacity
The cation exchange capacity (CEC) of a soil is the maximum quantity of exchangeable total cation that a soil is capable of holding at a given pH value. These cations can either move into the soil solution or get absorbed into the colloidal soil surface depending on the change that occurs in the pH of the soil. According to the FAO recommended levels, the CEC (cmol kg -1 ) of the soils from the Zanlerigu, Dimbasinia and Nyangua is considered high (>10 cmol kg -1 ). On the other hand, the values from the other two sites (Bihinaayili and Tekuru) were considered low (<10 cmol kg -1 ). The high CEC of Zanlerigu and Dimbasinia corresponds with high clay and silt content as shown in these two areas (Table 12 ). The low clay and silt content measured in the soils of Bihinaayili, Nyangua and Tekuru corresponds with the low CEC in these soils. The CEC of a soil will, therefore, have the following implications for agriculture and irrigation:
(a) Leaching of nutrients will be more prominent in soils with low CEC rather than in that with high CEC. Therefore, when applying fertilizers (inorganic) and soil conditioners to soils with low CEC, such as that in Bihinaayili, Nyangua and Tekuru (Ketterings et al. 2007a) , it is recommended to spread the fertilizer over time and not apply the contents at once. This will help reduce leaching of the nutrients through the soil making it eventually unavailable to the plants but rather leached into underground water.
(b) Soils with low CEC will also require low, but frequent, watering. Soils with high CEC can accommodate relatively fast and less frequent watering. The CEC is also related to the clay and silt content of the soils as discussed above. This implies that soils in Zanlerigu and Dimbasinia will require less frequent watering compared to that in Bihinaayili, Nyangua and Tekuru (Ketterings et al. 2007a ).
(c) Soils with high CEC are less prone to infiltration compared to soils with low CEC. As a result, when applying inorganic fertilizers to soils with high CEC, it is recommended that fertilizer be incorporated to reduce surface runoff due to the low infiltration rate (Ketterings et al. 2007b ). Thus, when applying fertilizer to soils in Zanlerigu and Dimbasinia, the best practice is to incorporate fertilizer (Table 12 ).
(d) Most soils with high CEC do not need liming at all. However, when these soils become acidic then a large amount of lime is required to reach the optimum pH level (Ketterings et al. 2007a) .
(e) The capacity to protect groundwater from cation contamination is improved under soils with high CEC compared to that with low CEC (Lewandowski et al. 2016) . Thus, the soils in Zanlerigu and Dimbasinia have the potential to reduce cation contamination compared to that in Bihinaayili, Nyangua and Tekuru.
concluSIonS
This biophysical characterization was aimed at collating hydrological and agricultural data at the three watersheds in northern Ghana (Anyari, Zanlerigu and Bihinaayili) to inform interventions in small-scale farming systems. The study also provided a description of the climatology of the watersheds as well as brief analyses of water availability, primarily with the purpose of developing opportunities for agricultural water management in smallholder farming systems. Analysis of the climatology of the three weather stations shows increasing trends in annual rainfall in Navrongo and Zuarungu, and PET and a decreasing trend in annual rainfall in Tamale (although none being significant for rainfall). For PET, the increasing trend is significant only in the Bihinaayili watershed. The dryspell analysis shows that such dry periods exceeding 7 days are very common, where about 4 out of 5 years are affected by such a dryspell. For sustainable intensification, farmers need support in developing agricultural water management strategies to attain production and productivity. The water quality analyses indicate that all water sources are suitable for agricultural purposes. However, for most cases, the K + values exceed the recommended values.
The EC values across the study sites show that soil salinity is currently not a concern for irrigation development. On the other hand, OC in all the samples were below the recommended value of 4-10%. We, therefore, recommend that the soils require additional organic fertilizer to boost the low OC values found in these sites.
All three watersheds experience high annual water deficits on the basis of the total rainfall and higher deficit, considering reliable rainfall. Temporally, a water surplus occurs in 3 to 4 months in a year. The reservoirs and wells could be used to supplement irrigation during intermittent dryspells in the rainy season and for irrigation of short-duration crops in the dry season. Water management interventions are needed to eliminate crop failure and improve productivity. However, farmers have not been able to invest in mechanization and improved soil water management, and the viability and profitability of these interventions need to be investigated before further recommendations are made to the farmers.
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